Human myosin heavy chains are encoded by a multigene family consisting of at least 10 members. A gene-specific oligonucleotide has been used to isolate the human 0 myosin heavy chain gene from a group of twelve nonoverlapping genomic clones. We have shown that this gene (which is expressed in both cardiac and skeletal muscle) is located 3.6kb upstream of the cs cardiac myosin gene. We find that DNA sequences located upstream of rat and human at cardiac myosin heavy chain genes are very homologous over a 300bp region. Analogous regions of two other myosin genes expressed in different muscles (cardiac and skeletal) show po such homology to each other. While a human skeletal muscle myosin heavy chain gene cluster is located on chromosome 17, we show that the B and a human cardiac myosin heavy chain genes are located on chromosome 14.
INTROWUCTION
Myosin heavy chains (MHC) constitute a family of proteins of 200,000 dalton molecular weight that are widely distributed in nature. Through their interaction with actin, myosins convert chemical energy into mechanical force through the hydrolysis of ATP. This force manifests itself in many processes ranging from muscle contraction to cell division in nonmuscle cells. As such, myosins are present in at least one form in every eukaryotic cell examined (1) . Myosin, like most contractile proteins, exists in a number of polymorphic forms in different types of muscle and developmental stages (2, 3) . The MHC isoenzymes expressed in different muscle fibers differ substantially in sequence, one result of which is quantitative differences in hydrolysis of ATP. This is correlated with the contractile velocity of a particular muscle type (4) . These different MHC isoenzymes are encoded by multigene families in vertebrates. Although the exact number of MHC genes has not yet been determined, the estimates vary from 7 to 22 closely related members (5, 6) . cDNA clone analysis has described numerous forms of MHC expressed in skeletal and cardiac muscle (7, 8) . For example, adult human skeletal muscle expresses at least 5 distinct forms (8) . One form of MHC that is expressed in skeletal muscle is also expressed in cardiac muscle and appears to be developmentally and hormonally regulated (8, 9) . Three MHC isoenzymes can be separated electrophoretically in cardiac muscle (10) . These are products of two distinct genes referred to as ai and S (11, 12) . Expression of a-and S-MHC is not restricted to cardiac ventricles, since ci-MHC is also expressed predominantly in atrium (13) and 6-MHC is expressed in skeletal muscles (9, 13) . The genes encloding ca-and S-cardiac MHC have been well characterized in both rat (7, 12) and rabbit (11, 14) . Separate genes exist for the two MHCs. In addition, these two genes in rat are organized in a tandem arrangement in the genome, separated by 4 kb (12) .
The myosin V1, with high ATPase actvity, and myosin V3, with low ATPase activity are composed of oia and BShomodimers, respectively. Myosin V2 is a heterodimer consisting of one ci-and one B-MHC (10) . The expression of oc-and S-MHC follows a defined developmental pattern that varies in different species. Both ci and S MHC are usually expressed in normal animals although their proportions differ (9) . In all species studied, myosin V3 is the most abundant myosin in late fetal life (9) . In rat and mouse, myosin V1 predominates (70% of total myosin) in perinatal and adult life (15) . In large mammals, myosin V1 is the most abundant form in perinatal stage and myosin V3 becomes the most abundant isoenzyme in the adult animal (15) . The physiological status and the hormonal environment of the muscle are known to affect the expression of different MHC isoforms (9, 10) . Both cardiac and skeletal muscle MHC expression are controlled by thyroid hormone (13) . Using gene-specific sequences, it has been demonstrated that thyroid hormone can regulate MHC gene expression depending on the tissue in which it is expressed (13) . In rat (9) and rabbits (16) ci-and B-MHC genes are regulated in an antithetic fashion by thyroid hormone. That is, hyperthyroidism stimulates the expression of ci-MHC, while induction of a hypothyroid state results in a progressive disappearance of a-MHC and the induction of a-MHC (15) . Furthermore, the ci-a transition of MHC produced by thyroid hormone levels appears to be transcriptionally regulated in rat (9) and rabbits (16) .
We previously described a human cDNA clone encoding an MHC mRNA that appears to be coexpressed in skeletal and cardiac muscle (8) . By homology of the protein coding as well as untranslated regions of the human clone to a previously described rat B cardiac MHC cDNA, we suggested that this clone is a human a MHC form. Using this as well as other MHC DNAs as probes, we have isolated 12 human genomic clones encoding MHC. An oligonucleotide complementary to the 3' untranslated region of the human slow skeletal MHC mRNA has been used to isolate the gene encoding this specific MHC. We show that as in the rat, the human slow skeletal gene, hereafter referred to as 0, is linked to the a cardiac gene, separated by 3.6 kb of DNA. In addition to the expected protein coding sequence conservation, there is extremely strong homology between the human and rat a cardiac genomic sequences for a 300 bp region upstream of the a MHC promoter. These sequences are good candidates for regions that regulate the a MHC gene. Somatic cell hybrids were used to map the chromosomal location of these two MHC genes. These genes are not linked to the skeletal MHC genes which have been assigned to human chromosome 17 (17) . These human MHC genes are located on chromosome 14.
MATERIALS AND METHODS

Screening of Human Genomic Libraries
Two human genomic DNA libraries were screened, each containing human DNA which was partially cleaved with EcoRI and cloned into bacteriophage X Charon 4A. Benton and Davis (18) with the following modifications: phage were allowed to absorb to nitrocellulose filters, denatured in 0.5 N NaOH/ 1M NaCl and neutralized in 1.5 M NaCl/TrisHCl, pH 7.4 for 4 minutes at each step. Filters were then baked for 2 hours at 800 under vacuum. Hybridizations were carried out in 5X SSC (1X = 150 mM sodium chloride, 15 mM sodium citrate), IX Denhardt's, 10 (19) . Digested DNA samples were electrophoresed on either 0.7% or 1.0% agarose gels in TBE (50 mM Tris-Borate pH 8.0, 1 mM EDTA).
The transfer of DNA from an agarose gel to a filter was performed according to Southern (20) (22) . Restriction endonuclease fragments to be sequenced were purified by gel electrophoresis and cloned into M13 mpl8 and mpl9 (24) . For M13 clones containing large inserts (larger than 1.5Kb) a rapid deletion system was used (23) . This generated a series of clones containing overlapping inserts by exonuclease digestion of single stranded DNA cloned into M13 vectors. The single strand DNA isolation and sequencing reactions were carried out as described by Messing et al., (24) . DNA sequencing was also performed by Maxam and Gilbert method as previously described (25) .
Chromosome Mapping
Human-mouse somatic cell hybrids were constructed by fusing four different mouse cell lines to ten different human fibroblast lines and selecting for hybrids in HAT medium. Hybrid cells were analyzed karyotypically and banded by Giemsa-Trypsin staining (26, 27) . Enzyme markers assigned to each chromosome except the Y were tested on each hybrid, confirming the chromosome analysis. Genomic DNA was prepared from these hybrids, digested with restriction endonucleases, subjected to electrophoresis on a agarose gels, transferred to nitrocellulose and hybridized with human MHC DNA fragments as probes as described previously (17 (28) .
RESULTS AND DISCUSSION Human MHC Gene Family
It is estimated that there are 7-22 MHC genes in vertebrates (29, 30, 31) . We previously described the isolation and characterization of four nonoverlapping human MHC genomic clones (30) . In order to isolate the full complement of human sarcomeric MHC genes, two human genomic libraries were screened with a mixture of three previously described human MHC probes:
pSMHCA, pSMHCZ (8) and p10-3 (30) . pSMHCA and Z are cDNA clones isolated from an adult human skeletal muscle cDNA library. Their inserts are 2.7Kb and 2.0Kb and they encode the entire light meromyosin regions of fast and slow skeletal fiber myosins, respectively. p10-3 is a 2.0Kb genomic fragment from an adult human skeletal muscle genomic clone (30) . Each of these probes hybridizes to multiple fragments in the human genome (data not shown). The entire DNA sequences of the two cDNA clones have been determined and are 73% conserved at the amino acid level (8) . Fifteen genomic clones containing MHC gene segments were isolated from this screening. Restriction endonuclease analysis shows that a total of 12 clones are unique and non-overlapping (data not shown). These include the four human genomic clones previously described (30) . The inserts in the genomic clones range in size from 12 to 18.0 kb.
In order to identify coding regions in the genomic clones, EcoRI digests of the twelve clones were electrophoresed on agarose gels ( Figure 1A ) and 23 4 Figure 1B) . Similarly, the human 0 MHC cDNA clone (pSMHCZ) hybridizes to four of the clones which are recognized by pSMHCA (compare lanes 1, 4, 11, and 12 in Figure 1 ) and to one genomic clone (lane 6 in Figure 1C ) that is not recognized by pSMHCA. Two of the genomic clones (lanes 5 is not yet known (see below).
Identification of the Human Slow Skeletal MHC Gene
Given the highly conserved nature of the sarcomeric MHC gene family it is difficult to identify the genes encoding specific MHC mRNAs and to distinguish expressed genes and pseudogenes. Although the coding regions of MHC genes are highly homologous, their 3' untranslated regions show no significant homology within an organism (8) . Therefore, in order to identify the MHC genes from the 12 genomic clones that encode the specific MHC mRNAs represented by the two cDNA clones, we developed gene-specific oligonucleotide probes. These probes derive from the 3' untranslated region of the two human MHC cDNA clones which were used as probes in the genomic screening (8) . In order to determine whether these two oligonucleotides are in fact gene-specific probes, each one was hybridized to a filter containing nine independently isolated MHC cDNA clones. Each oligonucleotide recognized the clone of its origin or cDNAs of different length that encode the same mRNA as determined by restriction enzyme and DNA sequence analysis (data not shown).
To determine if any of the MHC genomic clones isolated correspond to genes encoding either of the two MHC mRNAs represented by the cDNA clones, a Southern blot of the twelve genomic clones was hybridized with the two genespecific oligonucleotide probes. No positive hybridization was detected with the fast-fiber specific probe from pSMHCA (data not shown). However, the slow skeletal MHC oligonucleotide probe hybridizes exclusively to a 3.8 kb EcoRI analysis by the method of Maxam and Gilbert (25) . As shown in Figure 3 , the 3' end of the cDNA sequence of pSMHCZ is represented in the cloned genomic sequences. There are 3 exons of 32, 45 and 5 codons each. The fact that there is 100% homology between the 3' untranslated region and coding sequences of pSMHCZ and the corresponding exon sequences in XHMHC8 demonstrates that this cDNA clone is transcribed from the gene represented by XHMHC8. A genomic clone isolated and characterized by another group overlapping XHMHC8 which encompasses more than half this same gene confirms this conclusion (32) . These investigators also show through Si nuclease analysis that this gene is coexpressed in human cardiac and skeletal muscle. Results presented in Figure  6 also show that this gene is expressed in both cardiac and skeletal muscle. The 3' untranslated region oligonucleotide derived from the slow skeletal cDNA clone (psMHCZ) was also used as a hybridization probe against a genomic blot to demonstrate that there is a single homologous sequence in the genome, corresponding to the cloned fragment we have obtained (data not shown).
Tandem Organization of 2 Human MHC Genes
The genes specifying a and 0 cardiac MHC have been well characterized in the rat and rabbit (11, 12) . In rat, these two genes are organized in the genome in a head to tail fashion. The a gene is located 4 kb from the 3' end of the 0 gene (12) . To determine if the same organization is observed in human cardiac genes, a DNA fragment of a chicken fast skeletal MHC clone (AFW1) which contains sequences encoding the first three exons was used as a probe against DNA from XHMHC8. The chicken probe was kindly provided by Dr. J. Robbins and is described in (29) . If lOpg of poly(A)+ RNA from cardiac (C) and skeletal (S) muscle were electrophoresed and hybridized to the $ oligonucleotide derived from cDNA sequence and to an oligonucleotide derived from the first exon of the at cardiac genomic sequence. 28S and 18S refer to the positions of migration of ribosomal RNA.
in tandem, another MHC gene should be located downstream from the sequences encoding the 3' end of the slow skeletal MHC gene. The chicken probe does identify a sequence in the XHMHC8 genomic clone (see below). Restriction mapping and DNA sequence analysis localize a second MHC gene to a 3.5 kb HindIII/BglII restriction fragment as shown in Figure 4 . Portions of this fragment of the genomic clone (coordinates 3.8-13.0 in Figure 4 ) were subjected to DNA sequence analysis. Putative transcriptional regulatory elements and sequences of the first protein coding exon and intervening sequence were located. The 5' flanking sequence and first coding exon and intervening sequence are presented in Figure 5 . Comparison of the first exon of the human a cardiac gene to the analogous sequences for rat cardiac MHC (12) and chicken fast white MHC (29) reveals strong homology. The human and rat cx cardiac genes differ by nine residues in the first coding exon which consists of 66 amino acids in human and 67 amino acids in the rat. The size of the first intron is conserved as well as some sequence homology between the rat at cardiac MHC gene and the human ca cardiac sequences (data not shown; 12).
In order to prove that the gene downstream from the slow skeletal MHC gene is an at cardiac sequence, an oligonucleotide was synthesized from the first exon indicated by underlining in Figure 5 and used as a probe against cardiac and skeletal RNA. Figure 6 shows that the putative cx-specific oligonucleotide hybridizes exclusively to cardiac RNA and not to skeletal RNA, as would be expected for the a cardiac sequence. This oligonucleotide also hybridizes to a single sequence in a genome blot (data not shown).
5' Flanking Region Homology Exists Between a Cardiac Genes
Significant evidence has accumulated to suggegt that sequences located 5' to structural genes are responsible for the temporal and spatial expression of these genes (see 33;34) . MHC genes are regulated by many factors, including thyroid hormone (15) . Conservation of sequences in the 5' flanking regions of the rat and human a-MHC genes may indicate putative regulatory sequences. Graphic matrix analysis was used to compare sequences around the "TATA" boxes of rat and human aL cardiac MHC genes and a chicken skeletal MHC gene ( Figure  7 ). These comparisons were undertaken to compare MHC genes that are similarly regulated (a cardiac MHC genes) with an MHC gene that is not subject to the same regulation (a fast skeletal MHC gene) in the animal. Comparison of the 5' flanking sequences of rat and human a cardiac genes show homology for 250 nucleotides upstream of the putative "TATA" box ( Figure 7A ). There is no homology for the next 700 nucleotides toward the ATG. Neither the human nor the rat cardiac flanking regions show homology with the analogous fast fiber MHC chicken sequence ( Figure 7B ). This homology between 5' flanking regions of the a cardiac genes suggests that sequences upstream of the "TATA" box may be important in the expression of these genes. Comparison of the 5' flanking regions of other MHC genes as well as genes that are under similar control will give more information about the importance of these regions. Ultimately, transfection experiments using the 5' flanking region of a-MHC genes will determine the biological significance of this homology. We are now in the process of sequencing the entire a/0 intergenic region to establish if there are other segments that show sequence conservation.
Our results suggest that the human cardiac MHC genes have a similar genomic organization to that seen in rat and that the genes may have arisen by a duplication event. Given this information it was important to determine whether the cardiac MHC genes are chromosomally linked to the skeletal MHC genes. Chromosomal Localization of Cardiac MHC Genes Earlier, we showed that skeletal MHC genes are clustered on a single chromosome in mouse and human (17) . A recent study has determined that mouse cardiac MHC genes are unlinked to skeletal MHC genes (6) . To determine the chromosomal location of the tandem array of human MHC genes, we analyzed genomic DNA of human x mouse somatic cell hybrids. The probe used is a subclone, p8-5, which contains an intervening sequence of the human a-cardiac gene (see Figure 5 , coordinates 10.5-11.3). Twenty-four hybrid cell lines were examined for the presence of the human a cardiac gene and its correlation with a specific human chromosome and chromosome-specific isoenzyme markers. The pattern of hybridization of p8-5 to parental and hybrid genomic DNA is shown in Figure 8 . of Hybrids (-1-) 8 7 S 6 6 6 7 5 9 6 8 4 5 9 6 8 1 5 8-4 -0 5 3 Discordantl (a/.) 13 homologous to p8-5 (lanes 17 and 18). The human fragment recognized by p8-5 is 5.0 kb (lane 19). The human cardiac probe segregated without exception with human chromosome 14 and with specific enzyme markers (see Table 1 ). There were no examples of discordance in these analyses with the human cardiac MHC sequence and chromosome 14. For example, lane 5 in Figure 8 contains DNA from hybrid cell line REX-11BSAgB, that contains human chromosomes 3, 10, 14, 15, and 18 (see Table 1 ). An earlier report had suggested the presence of human MHC sequences on chromosome 7 (6) . No hybridization was detected in somatic cell hybrids containing human chromosome 7, as shown in Figure 8 lane 11, indicating the absence of the ci cardiac MHC gene on that chromosome. We have shown that the human skeletal and cardiac MHC genes are localized on different chromosomes. In human, skeletal and cardiac MHC genes map to chromosomes 17 and 14 respectively. This is paralleled by the actin gene organization in which cardiac cx actin gene maps to human chromosome 1 and skeletal cx actin genes map to chromosome 15. As with the 8 MHC genes, the cardiac actin gene is co-expressed in adult skeletal muscle (35) . These results suggest that chromosomal linkage of MHC genes is not required for coexpression of members of these two multigene families. Sequential expression of cardiac genes or of skeletal genes during development may require linkage, perhaps because they may be under the control of the same cis-acting regulatory mechanisms.
